Mating in hemiascomycete yeasts involves the secretion of pheromones that induce sexual differentiation in cells of the opposite mating type. Studies in Saccharomyces cerevisiae have revealed that a subpopulation of cells experiences cell death during exposure to pheromone. In this work, we tested whether the phenomenon of pheromone-induced death (PID) also occurs in the opportunistic pathogen Candida albicans. Mating in C. albicans is uniquely regulated by white-opaque phenotypic switching; both cell types respond to pheromone, but only opaque cells undergo the morphological transition and cell conjugation. We show that approximately 20% of opaque cells, but not white cells, of laboratory strain SC5314 experience pheromone-induced death. Furthermore, analysis of mutant strains revealed that PID was significantly reduced in strains lacking Fig1 or Fus1 transmembrane proteins that are induced during the mating process and, we now show, are necessary for efficient mating in C. albicans. The level of PID was also Ca 2؉ dependent, as chelation of Ca 2؉ ions increased cell death to almost 50% of the population. However, in contrast to S. cerevisiae PID, pheromone-induced killing of C. albicans cells was largely independent of signaling via the Ca 2؉ -dependent protein phosphatase calcineurin, even when combined with the loss of Cmk1 and Cmk2 proteins. Finally, we demonstrate that levels of PID vary widely between clinical isolates of C. albicans, with some strains experiencing close to 70% cell death. We discuss these findings in light of the role of prodeath and prosurvival pathways operating in yeast cells undergoing the morphological response to pheromone.
Mating in the model yeast Saccharomyces cerevisiae, as well as in the related hemiascomycete Candida albicans, involves communication between a and ␣ cells via sexual pheromones. The program of sexual differentiation has been particularly well defined in S. cerevisiae, where pheromone signaling activates a conserved mitogen-activated protein kinase (MAPK) cascade culminating in the transcriptional response of almost 500 genes (44) . During mating, yeast cells increase the expression of genes required for conjugation, undergo arrest in G 1 of the cell cycle, and produce polarized mating projections in preparation for cell fusion (52) . Mating also requires partial degradation of the cell wall to allow direct membrane fusion between a and ␣ cells, followed by nuclear karyogamy and formation of a diploid cell. Previous studies have established that a subpopulation of S. cerevisiae a cells responding to high levels of ␣ pheromone undergoes cell death (23, 48, 58) . In these studies, pheromone treatment resulted in 25 to 30% cell death. However, prevention of a Ca 2ϩ ion influx resulted in cell death in up to 95% of the population (23, 58) . High levels of pheromone-induced death (PID) were also observed in mutants lacking components required for calcium signaling, including the high-affinity Ca 2ϩ influx channel (Cch1/Mid1), calmodulin (Cmd1), and calcineurin (Cnb1). Calcineurin is a highly conserved protein phosphatase whose activity is regulated by Ca 2ϩ /calmodulin and is known to play a role in the cellular response of yeast cells to environmental stresses (13) . In general, it is thought that a rise in cytosolic Ca 2ϩ levels activates calcineurin, leading to dephosphorylation of key target proteins, including the transcription factor Crz1p (54) . The calcineurin signaling pathway also plays a central role in protecting yeast cells from the toxic effects of multiple antifungal drugs (9, 55) .
In addition to Ca 2ϩ signaling, several other pathways influence the sensitivity of S. cerevisiae cells to pheromone toxicity, including multiple factors upregulated during the morphological response to pheromone. These include Fus1 and Fig1, two cell membrane proteins required for efficient cell fusion (16, 35, 58) . Fus1 localizes to the cell tip of mating projections and coordinates the process of cell fusion, including the secretion of cell wall hydrolases that degrade the cell wall (36, 56) . Fig1 forms part of a low-affinity Ca 2ϩ influx system, although its role in PID appears independent of its function in Ca 2ϩ transport (58) . Mutants lacking either Fig1 or Fus1 exhibit significantly reduced levels of PID, indicating that although these factors are necessary for efficient mating, their expression can also compromise cell viability.
To combat the potentially lethal effects of pheromone treatment, S. cerevisiae cells activate repair pathways that help maintain cell viability. Cell wall degradation induces the cell wall integrity (CWI) signaling pathway, which involves a protein kinase cascade culminating in the activation of the MAPK, Slt2 (8, 27) . Activation of the CWI pathway enhances chitin and glucan synthesis to compensate for cell wall damage induced by the mating program. Loss of CWI signaling therefore leads to greater death in the presence of pheromone, whereas hyperactivation of the CWI pathway limits pheromone-induced death (8, 58) .
Candida albicans is a related hemiascomycete yeast that last shared a common ancestor with S. cerevisiae around 700 million years ago (19) . C. albicans is a prevalent human fungal pathogen and was originally categorized as an asexual species. Work during the past decade has uncovered an elaborate mating cycle that, while similar to that of S. cerevisiae, also shows fundamental differences. For example, C. albicans mating takes place between a and ␣ cells but requires that cells switch from the regular "white" state to the alternative "opaque" state (33) . The regulation of mating by a phenotypic switch is unique to C. albicans (and the sister species Candida dubliniensis) and may have evolved due to the close association of this yeast with its mammalian host (26, 42) . Though only opaque cells secrete sex-specific pheromones, both white and opaque cells can respond to pheromone. Opaque cells form polarized mating projections and subsequently undergo cell fusion, while white cells exhibit increased adhesion and biofilm formation (3, 4, 14, 29, 59) . It is speculated that the matrix formed by responding white cells helps maintain pheromone gradients and thereby promotes cell fusion between mating opaque cells in vivo (14, 50) .
In this work, we examine the response of C. albicans cells to pheromone and demonstrate that cell death occurs in a subpopulation of cells similar to that shown in S. cerevisiae. C. albicans opaque cells, but not white cells, experience cell death, consistent with opaque cells undergoing the morphological response to pheromone leading to the formation of polarized mating projections. We also tested whether the same genetic pathways acting in S. cerevisiae contribute to C. albicans cell death, including the cell integrity pathway, the calcineurin signaling pathway, and the mating factors Fus1 and Fig1. Notable differences were found between the two yeast species in response to pheromone treatment, including a limited role for calcineurin signaling in protecting C. albicans cells compared to that in S. cerevisiae. These results demonstrate that the phenomenon of pheromone-induced death is shared by two diverse hemiascomycete yeasts but that the mechanisms protecting yeast cells from pheromone toxicity differ. We further demonstrate that clinical isolates exhibit a remarkable range in their susceptibility to pheromone killing (from 2% to almost 70%), indicating that some C. albicans strains are highly susceptible to pheromone-induced cell death while others are resistant to pheromone killing.
MATERIALS AND METHODS

Media and reagents.
Standard laboratory media were prepared as described previously (18) . Spider medium contained 1.35% agar, 1% nutrient broth, 0.4% potassium phosphate (pH 7.2) supplemented with 2% mannitol (28) . SCD medium refers to synthetic complete medium supplemented with 2% glucose. ␣ pheromone MF13 (GFRLTNFGYFEPG) was synthesized by Genemed Synthesis. Propidium iodide (PI; BD Biosciences), BAPTA (Invitrogen), and geldanamycin (InvivoGen) were added at the indicated concentrations.
Strains. The C. albicans strains used in this study are listed in Table 1 . Unless stated otherwise, strains are derived from SC5314, the laboratory strain of C. albicans. Newly constructed strains were generated in SNY152 (37) . First, a and ␣ derivatives of SNY152 were generated by growth on sorbose medium, as previously described (25) , to create RBY1132 (a/a) and RBY1133 (␣/␣). Gene knockouts of FUS1, FIG1, CNB1, MKC1, CMK1, and CMK2 were generated using either the fusion PCR (37) or SAT1-flipper (43) method described previously. For each gene targeted using the fusion PCR method, oligonucleotides were used to PCR amplify approximately 500 bp of the 5Ј and 3Ј flanking sequences of the gene (Tables 1 and 2 ). In addition, the Candida dubliniensis HIS1, C. dubliniensis ARG4, and Candida maltosa LEU2 markers were PCR amplified from plasmids pSN52, pSN69, and pSN40, respectively, using universal primers 2 and 5 (37). Gene disruption cassettes were then generated by fusion PCR, combining the flanking PCR products with a selectable marker PCR product (37) . RBY1132 and RBY1133 were transformed with the gene disruption cassettes, and correct integration was confirmed by PCR using check oligonucleotides ( Table 2 ) that flank the disruption cassette in combination with primers internal to the marker gene, as previously described (37) . Subsequent transformation with a second marker fusion construct was similarly used for deletion of the remaining copy of the gene, and loss of the open reading frame (ORF) was confirmed by PCR with primers internal to the ORF (Table 2) . To delete CMK1 and CMK2 genes by using the SAT1-flipper method, oligonucleotides were used to amplify approximately 500 bp of the 5Ј and 3Ј homologous flanks of each gene. The resulting PCR products were digested with ApaI/XhoI and SacI/SacII, respectively, and cloned into the plasmid pSFS2a (43) . The resulting plasmids were digested with ApaI/SacI to liberate cassettes containing the 5Ј and 3Ј gene flanks as well as the SAT1 selectable marker and used for transformation. Correct genomic integration was confirmed by PCR of the 5Ј and 3Ј disruption junctions. The SAT1 marker was then counterselected via outgrowth in yeast extract-peptone-dextrose (YPD) medium followed by selection on plates containing low concentrations of nourseothricin (43) . The transformation process was repeated to delete the remaining copy of the gene, and loss of the ORF was confirmed by PCR. Multiple gene knockouts were generated for each mutant strain to confirm that the observed phenotype was due to the targeted gene deletion.
Plasmid pACT1-WOR1, which provides constitutive expression of Wor1p, was constructed as follows. First, a region of the C. albicans LEU2 ORF sequence was PCR amplified using primers LEU2 5Ј (SacII) and LEU2 3Ј (SacI) ( Table 2 ). The PCR product was then digested with SacII and SacI and ligated into pSFS2a between these restriction enzyme sites, creating plasmid pRS1. Next, the ADH1 terminator sequence was PCR amplified and XhoI/ BamHI and BglII sites were introduced at the 5Ј and 3Ј ends, respectively. The ADH1 terminator sequence was digested with XhoI and BglII and ligated into plasmid pRS1 digested with XhoI and BamHI, creating plasmid pRS2. The ACT1 promoter sequence was PCR amplified and restriction enzyme digested with KpnI and XhoI, and the WOR1 ORF was PCR amplified and digested with XhoI and BglII restriction enzymes. Plasmid pRS2 was digested with KpnI and BamHI, and both ACT1 and WOR1 PCR fragments were inserted into this plasmid, creating pACT1-WOR1. The vector was linearized by cutting within the LEU2 ORF sequence with BsgI, or within the ACT1 promoter sequence with BglII, in preparation for transformation.
Pheromone response and mating assays. Overnight cultures of C. albicans cells were grown in SCD medium at room temperature (22 to 25°C) following inoculation from single colonies. Cells were washed in water and resuspended in Spider medium at a concentration of 2 ϫ 10 7 cells per ml. ␣ pheromone was added to a 10 M concentration, and cultures were incubated for 5 h at room temperature prior to analysis by microscopy. Pictures were taken using a Zeiss Axioplan 2 microscope equipped with a Hamamatsu ORCA camera.
Quantitative mating experiments were performed by crossing strains with different auxotrophic markers as previously described (47) . For evaluating the effect of geldanamycin on mating, matings were performed in liquid Spider medium containing the indicated concentrations of geldanamycin and the cells were incubated at room temperature for 24 h. Cells were then plated on selective media and analyzed for the formation of mating products.
Cell death assays. Overnight cultures of C. albicans cells were grown in SCD medium at room temperature, and cells were washed in water and resuspended in Spider medium at a concentration of 2 ϫ 10 7 cells/ml. ␣ pheromone was added to a final concentration of 10 M, unless stated otherwise, and then cultures were incubated at room temperature for 1 to 6 h. At different time points, 0.5 ml of the culture was removed, washed and resuspended in Spider medium, and treated with 1 g/ml propidium iodide for 15 min. Cells were then washed with water and resuspended in SCD medium for analysis by flow cytometry. At least 10,000 cells were counted in the FL3 channel on a FACSCalibur cell sorter, where PIpositive cells represent dead yeast cells (15 
RESULTS
Pheromone-induced cell death in C. albicans. In S. cerevisiae, treatment of a cells with ␣ pheromone leads to cell death in approximately 25% of cells in the population (58) . To test whether C. albicans cells also experience pheromone-induced death (PID), MTLa cells derived from the laboratory strain SC5314 were treated with synthetic ␣ pheromone (10 M) and cell death was determined by staining cells with propidium iodide and analyzing them by flow cytometry (see Materials and Methods). A subset of cells in the opaque (mating-competent) form began to lose viability between 2 and 3 h, and by 4 to 6 h approximately 20% of the cells were dead (PI-positive cells) (Fig. 1A and B) . Similar levels of inviable cells were detected when cells were stained with an alternative vital dye, eosin Y (see Fig. S1 in the supplemental material). Cell death in opaque cells occurred after they began to exhibit polarized mating projections, which are first observed at 2 h and are more clearly evident by 4 h (6). At time points later than 6 h, levels of cell death began to decline, possibly due to continued growth of nonresponding cells. Cell death was also dependent on Ste2, the receptor for ␣ pheromone (see Fig. S1 ), suggesting that death required activation of the canonical pheromone signaling MAPK cascade. In addition, no cell death was observed when white-phase a cells were treated with the synthetic ␣ pheromone (see Fig. S1 ). C. albicans white-phase cells upregulate a limited set of genes in response to pheromone but do not form polarized mating projections or undergo efficient cell-cell conjugation (6, 14, 29) .
The observation that cell death occurs only in opaque-phase cells led us to design a construct that locks cells into this phenotypic state. The central regulator of the white-opaque switch is the Wor1 protein, a putative transcription factor that is expressed only in opaque cells and not in white cells (20, 53, 60, 61) . Constitutive expression of Wor1 protein can maintain cells in the opaque state, and we therefore designed a vector in which WOR1 was expressed under the control of the ACT1 promoter (see Materials and Methods). Insertion of this construct into a cells ensured that Ͼ99% of cells were maintained in the opaque state. A time course of pheromone-induced death showed that wild-type opaque strains with and without the constitutive Wor1 expression vector showed very similar levels of cell death (Fig. 1B) . These results allowed us to utilize the Wor1 expression vector as a tool to ensure that we were examining Ͼ99% pure opaque populations in further analyses.
Factors affecting mating efficiency and cell conjugation in C. albicans. In S. cerevisiae, multiple genetic pathways have been shown to influence the sensitivity of cells to pheromone-induced death. These include the calcineurin signaling pathway, the cell wall integrity (CWI) pathway, and mating-specific factors upregulated during the morphological response to pheromone (8, 35, 58) . We tested mutants in each of these pathways by examining C. albicans strains lacking CNB1 (encoding the regulatory subunit of calcineurin) or MKC1 (encoding the CWI protein kinase), as well as FUS1 and FIG1 (encoding matingspecific cell membrane proteins). These mutants were constructed in MTLa and MTL␣ strains of SC5314 and were tested first for their ability to undergo polarized growth in response to pheromone and subsequently for their ability to undergo efficient cell-cell conjugation with a mating partner. Each of the mutants was able to efficiently respond to pheromone and form polarized mating projections (approximately 70% of cells formed characteristic projections similar to wildtype cells [ Fig. 2A]) . Analysis of the shape of the mating projections (average width and length) revealed only subtle differences between the mutants, although ⌬fus1 strains consistently exhibited projections that were longer (9.3 m) than those in other strains (average, 6 to 7 m [Fig. 2B]) . Quantitative mating experiments were also performed with each of the mutant strains. These were performed using bilateral crosses, as described in Materials and Methods. C. albicans wild-type strains mated at 77% efficiency when coincubated on solid Spider medium for 2 days and at 58% efficiency when grown in liquid medium (Fig. 2C) . Mutant ⌬cnb1 strains lacking calcineurin mated with a mating efficiency similar to that of wild-type strains. In contrast, mutants lacking FIG1, FUS1, or MKC1 all showed a significant decrease in mating efficiency. The ⌬fig1 mutant mated with the lowest efficiency, undergoing only 16% or 5% mating on solid or liquid medium, respectively. The ⌬fus1 and ⌬mkc1 mutants also showed a reduced mating efficiency, with ⌬fus1 strains undergoing 14% or 31% mating and ⌬mkc1 strains undergoing 30% or 22% mating on solid or liquid medium, respectively (Fig. 2C) . These results indicate that FIG1, FUS1, and MKC1 genes play important, but nonessential, roles in promoting mating and tet- FIG1, FUS1, CNB1 , or MKC1 gene were tested for their ability to form mating projections in response to 10 M ␣ pheromone. Strains were treated with pheromone in Spider medium, and the percentage of responding cells was determined after 5 h of incubation at room temperature. (B) The length and width of mating projections formed by the mutant strains in response to 10 M ␣ pheromone were analyzed. (C) Quantitative mating efficiency of mutant strains. Bilateral mating experiments were performed (mutant ϫ mutant) by coincubation of a and ␣ mutant strains on Spider medium plates (Solid) or in liquid Spider medium (Liquid). Opaque cells were coincubated for 2 days, and the frequency of formation of mating products was determined as previously described (47) . Asterisks indicate a significant difference between mutant and wild-type strains (P Ͻ 0.05) using a two-tailed t test (two-sample test assuming equal variances). WT, wild type. raploid formation in C. albicans. In S. cerevisiae, defects in the homologous genes similarly reduced mating efficiency; loss of ScFIG1 reduced mating 2.5-fold (16), while loss of ScFUS1 or ScMPK1 resulted in moderate decreases in mating efficiency (17, 56) . Genetic pathways influencing pheromone killing in C. albicans. Each of the four mutant strains, the ⌬fig1, ⌬fus1, ⌬cnb1, and ⌬mkc1 mutants, was tested for its sensitivity to killing during exposure to pheromone. To ensure that pure populations of opaque cells were used in these experiments, each strain was transformed with the Wor1 constitutive expression vector to lock cells into the opaque state. However, we note that the mutant strains showed no obvious defects in whiteopaque switching. A time course of pheromone treatment was performed, and cell death was determined by staining cells with propidium iodide and by analysis by flow cytometry, as described above.
The temporal profiles of cell death in response to pheromone were similar in each of the strains, with cell inviability first observed between 2 h and 3 h and maximal levels of death observed at 5 to 6 h. Very little cell death, however, was observed in the ⌬fus1 mutant, which showed only 2% cell death at the 5-h point (Fig. 3A) . The ⌬fig1 mutant also showed decreased cell death compared to that of wild-type strains, with only 11% of cells becoming inviable (Fig. 3B) . In contrast, the ⌬cnb1 strain showed a very modest, but statistically significant, increase in the frequency of cell death with 25 to 27% of cells inviable at 5 to 6 h (Fig. 3C) . The ⌬mkc1 strain was the only mutant strain that did not exhibit a significant difference in pheromone-induced death from that of the wild-type strain (Fig. 3D) . These results show both parallels and notable differences with the program of pheromone-induced cell death in S. cerevisiae. In both C. albicans and S. cerevisiae, loss of Fus1 or Fig1 activity results in a considerable decrease in the level of pheromone killing. In contrast, deletion of CNB1 led to almost (17, 58) , while deletion of the homolog MKC1 in C. albicans had no discernible effect on cell viability. The lack of a significant role for calcineurin signaling in C. albicans cell survival was also confirmed by addition of FK506, a chemical inhibitor of calcineurin in fungal species (9, 55) . The presence of FK506 did not significantly affect the level of pheromoneinduced cell death in wild-type cells of C. albicans (Fig. 3E) , while this compound led to high levels of pheromone killing in S. cerevisiae (58) . Interestingly, the addition of FK506 did lead to a significant increase in the frequency of cell death in the ⌬fus1 (3.5% to 21.5%) and ⌬fig1 (15.6% to 33.1%) mutants (Fig. 3E) . No other strain showed a significant increase in cell death in the presence of FK506. These results indicate that calcineurin signaling can play a role in protecting against pheromone-induced cell death in C. albicans, and this is particularly evident in ⌬fig1 and ⌬fus1 backgrounds. ions are similarly required for C. albicans cells to survive pheromone exposure, a cell-impermeant Ca 2ϩ chelator (BAPTA) was added to the culture medium. We found that relatively high concentrations of BAPTA (10 mM) were necessary to see any significant effect on the survival of C. albicans cells (cell death increased from 16% to 31% [Fig. 4] ). BAPTA had little or no effect on cell viability when present in the absence of pheromone regardless of the strain genotype (10 mM BAPTA increased basal levels of cell death, on average, from 0.5% to 1.52%). BAPTA also showed a strong effect on mating efficiency, reducing mating of wild-type strains from 15.9% after 24 h to 0.2%. These results indicate that the loss of Ca 2ϩ ions from the medium causes a major defect in mating in C. albicans but only partially compromises cell survival during the response to pheromone.
BAPTA similarly increased the level of pheromone killing in the ⌬cnb1 and ⌬fig1 mutant strains (Fig. 4A) . The ⌬cnb1 mutant result is notable, as it suggests that Ca 2ϩ signaling provides protection against pheromone-induced death but does so via a largely calcineurin-independent mechanism. The most striking result, however, was observed with the ⌬fus1 strain, as this mutant usually exhibits very small amounts of cell death (3.6% in this experiment) but was hypersensitive to pheromone killing in the presence of BAPTA (21% death at 0.1 mM BAPTA and 49% death at 10 mM BAPTA [ Fig. 4A]) . In fact, ⌬fus1 cell death in the absence of Ca 2ϩ ions was equivalent to the highest level of cell death observed in any mutant SC5314 strain and represents an increase of 14-fold over medium containing Ca 2ϩ . To further pursue the role of Ca 2ϩ signaling in cell death, we constructed mutants lacking the CMK1 and CMK2 genes that encode Ca 2ϩ /calmodulin-dependent protein kinases (41) . Loss of CMK1 and CMK2 in S. cerevisiae can lead to increased sensitivity to pheromone killing and can also further potentiate cell death in strains lacking the CNB1 calcineurin gene (34) . Due to the limited levels of PID observed in ⌬cnb1 mutants of C. albicans, we speculated that CMK1 or CMK2 may play a more important role in the pheromone response in C. albicans than in S. cerevisiae. However, strains lacking both CMK1 and CMK2 genes showed no significant increase in the rates of pheromone-induced death. Additionally, a triple mutant lacking CMK1, CMK2, and CNB1 genes showed levels of cell death that were not significantly increased (Fig. 4B) . Each of these mutants (⌬cmk1, ⌬cmk2, and the related double and triple mutants) also responded similarly to 10 mM BAPTA treatment (Fig. 4B) , supporting the hypothesis that Ca 2ϩ provides protection against cell death in a calcineurin-independent manner. These results demonstrate that although PID in C. albicans is sensitive to changes in extracellular Ca 2ϩ levels, the signaling pathways regulated by CMK1, CMK2, and CNB1 play relatively minor roles in this process or that additional (yet-tobe-identified) Ca 2ϩ signaling pathways can compensate for the loss of these factors.
Role of Hsp90 in mediating the response to pheromone and cell death. There is now a substantial body of evidence indicating a connection between calcineurin signaling and the heat shock protein Hsp90 in multiple fungal species. In particular, it appears that the Hsp90-calcineurin interaction is necessary for calcineurin activation and subsequent signaling to downstream effectors (24) . Thus, inhibition of either Hsp90 activity (e.g., by 
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ALBY ET AL. EUKARYOT. CELL using the chemical inhibitor geldanamycin) or calcineurin activity (e.g., by using FK506) can abrogate a subset of the same signaling pathways (9) . The Hsp90-calcineurin pathway is particularly relevant for cellular responses to stress and has been shown to promote the accumulation of drug-resistant isolates (9-12, 49, 55) .
To test the role of C. albicans Hsp90 during pheromone signaling, wild-type or ⌬bar1 cells were treated with increasing concentrations of the Hsp90 inhibitor geldanamycin. Bar1 protease is a secreted protein that acts to degrade ␣ pheromone in both S. cerevisiae and C. albicans (32, 47, 51) . Loss of Bar1 sensitizes S. cerevisiae and C. albicans cells to respond to lower concentrations of ␣ pheromone (discussed below). As shown in Fig. 5 , as the concentration of the inhibitor increased, the frequency of pheromone-induced cell death decreased in both wild-type and ⌬bar1 cells. Thus, at 5 M geldanamycin, cell death was approximately 50% of that in assays lacking the drug, while at 20 M geldanamycin cell death in both wild-type and ⌬bar1 cells was virtually abolished (Fig. 5A ). Geldanamycin alone had very little or no effect on C. albicans cell viability when used at these concentrations (data not shown).
To examine the effect of geldanamycin on the morphological response to pheromone, microscopic analysis of cells was performed. These experiments revealed that geldanamycin also inhibited the morphological response of cells to pheromone. Thus, whereas close to 70% of cells formed polarized mating projections in the absence of geldanamycin, as the concentration of the drug increased, fewer cells exhibited polarized growth (Fig. 5B) . In addition, a significant number of cells initiated a mating response but then reverted to dividing as budding yeast in the presence of geldanamycin (Fig. 5B) . Consistent with a role for geldanamycin in blocking pheromone signaling, we also observed a decrease in mating frequencies in the presence of high concentrations of the drug. Mating frequencies were unaltered in assays with 1 to 2.5 M geldanamycin, while higher concentrations of the drug significantly inhibited the formation of conjugation products by nearly 100-fold (Fig. 5C) .
These results establish that loss of Hsp90 activity results in inhibition of the morphological response to pheromone. We observed a correlation between inhibition of the pheromone response and decreased cell death, indicating that loss of viability is dependent on processes accompanying the morphological transition. In S. cerevisiae, Hsp90 inhibitors have also been shown to block polarized growth in response to pheromones, possibly due to defective signaling via Ste11, a component of the pheromone MAPK cascade (31) . Our findings now indicate that Hsp90 plays an important role in mediating pheromone signaling in a distantly related hemiascomycete. In addition, we demonstrate that Hsp90 and calcineurin play distinct roles in the mating program. Inhibition of Hsp90 activity prevents activation of the pheromone signaling response, while calcineurin is not required for the pheromone response but does play a role (albeit a minor one in wild-type strains) in protecting cells from pheromone toxicity.
Pheromone-induced cell death in clinical isolates of C. albicans. The experiments described above utilized derivatives of the standard laboratory strain of C. albicans, SC5314. Mating has also been observed in multiple clinical isolates of C. albicans, including those from alternative clades (5, 21, 40) . In total, 17 distinct clades of C. albicans strains have been described, although 68% of strains belong to the four most populous clades, numbered 1 through 4 (38) . To compare the frequencies of cell death between natural C. albicans strains, we initially treated six clinical opaque a strains with ␣ pheromone and determined the efficiency of the mating response as well as the susceptibility to cell death. These six strains were Each of the clinical strains showed a robust morphological response to pheromone, with the majority of cells forming polarized mating projections (Fig. 6B) . Despite the similar frequencies of responding cells, there was a marked difference in the susceptibilities of clinical strains to pheromone-induced death. As shown in Fig. 6A , only 2% of J981315 cells became inviable during pheromone treatment, while 40 to 50% of L26 and P37005 cells were killed and ϳ70% of AM2003/0191 cells died. These experiments reveal that cell death varies by more than an order of magnitude between strains with different genetic backgrounds. The strain that showed the highest survival rate, J981315, belongs to clade 3, while the strain with the lowest survival rate, AM2003/0191, belongs to clade 2 (38) . To test if other isolates from these clades showed similar susceptibilities to cell death, we examined the frequency of killing in several additional strains belonging to clades 1 to 4. The additional strains revealed that high (ϳ70%) levels of cell death are observed in isolates from each of the four clades. However, low (Ͻ7%) levels of cell death, in the presence of an otherwise robust mating response, occurred only in a subset of clade 3 strains (K. Alby and R. J. Bennett, unpublished observations). These data suggest that clade-specific differences may exist in the susceptibilities of strains to pheromone-induced cell death.
Due to the differential responses of SC5314 mutants to FK506 treatment (Fig. 3B) , we tested if clinical isolates of C. albicans showed increased susceptibility to PID in the presence of FK506. None of the isolates showed a significant difference in PID when treated with FK506, although AM2005/0377 was slightly more sensitive to killing in the presence of the drug (Fig. 6C) . This indicates that FK506-mediated inhibition of calcineurin does not significantly affect the level of PID in C. albicans, regardless of the genetic background of the strain.
We also compared the roles of the Bar1 protease during PID in both the SC5314 background and the hypersensitive clinical strain AM2003/0191. In S. cerevisiae, loss of Bar1 activity results in strains exhibiting PID at lower concentrations of ␣ pheromone due to reduced degradation of the peptide (58). In C. albicans, we similarly found that ⌬bar1 mutants experienced cell death at lower concentrations of pheromone than did wild-type cells. Thus, whereas 10 M pheromone was required to cause maximal levels of cell killing in SC5314 cells (ϳ23% [Fig. 1B] ), 10-fold-less pheromone (1 M) was sufficient to cause the same frequency of killing in ⌬bar1 cells (Fig. 7A) . Even with 100-fold-less pheromone (0.1 M), there was still appreciable death in ⌬bar1 cells but not in wild-type cells. Similarly, maximal killing in AM2003/0191 (ϳ70% cells inviable [ Fig. 6A] ) required 3 M ␣ pheromone in the wild-type strain but only 0.03 M pheromone in the ⌬bar1 mutant (Fig.  7B) . It is notable that the maximal levels of cell death in SC5314 and AM2003/0191 strains were the same in both wildtype and ⌬bar1 cells. These results indicate that while Bar1 plays an important role in determining the amount of pheromone necessary to induce cell death, Bar1 activity does not influence the maximal level of death in a given strain. Thus, at least in the case of AM2003/0191, the high susceptibility of this strain to PID is not due to defective production of Bar1 protein.
Finally, we examined the subset of clinical strains to determine if susceptibility to killing by pheromone correlated with sensitivity to other fungal stresses. Strains were incubated on plates containing the cell wall stressors Congo red, sodium dodecyl sulfate (SDS), or calcofluor white. Strains were also tested for susceptibility to killing with the antifungal drug fluconazole, which targets the cell membrane. The subset of clinical strains exhibited a wide range of susceptibilities to these agents (see Fig. S2 in the supplemental material). However, strain AM2003/0191, which was the most sensitive to killing by pheromone, was as resistant to each of these types of cell stress as were isolates from the other clades. This demonstrates that the susceptibility to pheromone killing by this strain is not due to its general sensitivity to stress.
Taken together, these results demonstrate an unexpected variability in the response of natural isolates of C. albicans to pheromone. Each of the clinical strains underwent the morphological response to pheromone, but levels of cell death varied from 2% to 70%, far more than that observed even between mutant derivatives of SC5314. Cell killing by pheromone did not correlate with sensitivity to other cell stresses, indicating that pheromone toxicity is not related to that of other antifungal agents. We note that we have not, however, observed any obvious synergy between killing by pheromone treatment and cell death induced by azole or echinocandin classes of drugs (Alby and Bennett, unpublished) .
DISCUSSION
This work is the first to report the phenomenon of pheromone-induced cell death in C. albicans, a hemiascomycete yeast that diverged from S. cerevisiae approximately 700 million years ago (19) . Using homozygous a/a derivatives of SC5314, the standard laboratory strain of C. albicans, cell death was first observed 2 to 3 h after pheromone treatment, coincident with the initial formation of polarized mating projections. Cell death gradually increased and was maximal at 5 to 6 h, where it was observed in approximately 20% of cells in a population. Cell death was also dependent on Ste2, the receptor for ␣ pheromone (6) , confirming that it required the canonical pheromone signaling pathway.
Unlike S. cerevisiae, a and ␣ cells of C. albicans can exist in two alternative physical states, white and opaque, and cells undergo heritable and reversible switching between these states (30, 33, 50) . Both white and opaque forms can respond to pheromone via the MAPK cascade, but signaling results in the upregulation of phase-specific genes. White cells treated with pheromone exhibit increased adhesion and biofilm formation, whereas opaque cells undergo the more conventional program of mating, including polarized growth, cell-cell conjugation, and zygote formation (14, 46, 57) . Consistent with cell death being dependent on the morphological response to pheromone, only opaque cells showed a loss of viability in these studies, while white cells were resistant to pheromone-induced death. As predicted by experiments in S. cerevisiae, mutants lacking the BAR1 gene were hypersensitive to killing by low concentrations of pheromone. BAR1 encodes a conserved aspartyl protease that degrades ␣ pheromone in both S. cerevisiae and C. albicans (1, 47) .
In S. cerevisiae, multiple genes have been implicated both in mediating the toxic effects of pheromone and in protecting cells against killing. It was recently proposed that three signaling pathways, with distinct kinetics and genetic requirements, modulate the response to pheromone. Loss of calcineurin signaling promotes "slow cell death" and requires mitochondrial respiration, and loss of the cell wall integrity (CWI) pathway leads to "intermediate cell death" due to increased cell wall degradation, while a wave of "fast cell death" is dependent on the Fig1 protein (58) . In all three waves of death, reactive oxygen species (ROS) were at least transiently observed, although only slow cell death required mitochondrial function (58) .
In comparison, our studies in C. albicans demonstrate that genes functioning in calcineurin signaling (CNB1) and the cell wall integrity pathway (MKC1) play only minor roles in providing overall protection against pheromone-induced death, at least in wild-type cells. Thus, ⌬mkc1 and ⌬cnb1 mutants exhibited levels of cell death similar to those of wild-type strains. In S. cerevisiae, the calcineurin signaling pathway is particularly important in counteracting pheromone toxicity, but the level of protection can vary depending on the strain background. For example, in some strains deletion of the Ca 2ϩ /calmodulindependent kinase Cmk2 is required in addition to Cnb1 in order to see high levels of pheromone-induced killing (K. Cunningham, personal communication). In C. albicans loss of CNB1 did not result in high levels of cell death even when combined with deletion of the CMK2 gene. Furthermore, a triple mutant lacking CNB1, CMK1, and CMK2 genes was also tested and did not exhibit increased sensitivity to pheromone killing. Thus, in contrast to S. cerevisiae, the calcineurin signaling pathway does not appear to play a central role in protecting C. albicans cells from pheromone-induced death, even when combined with loss of Ca 2ϩ /calmodulin-dependent kinases. It remains to be seen, however, if other pathways can compensate for the loss of these signaling pathways. The latter is a strong possibility given that chelation of Ca 2ϩ ions by BAPTA significantly increased cell death (even in ⌬cnb1 strains), suggesting that Ca 2ϩ signaling can activate protective pathways that are independent of calcineurin and Cmk1/2 function.
Two genes that did show similar effects on PID in both S. cerevisiae and C. albicans were FIG1 and FUS1. These genes are highly induced as part of the transcriptional response to pheromone in both yeasts (6, 16, 56) . In addition, in both species loss of these cell membrane proteins results in a reduction in pheromone-induced death, as well as a reduc- tion in mating efficiency. S. cerevisiae Fig1 has been shown to be part of a low-affinity Ca 2ϩ influx system (35) , although recent studies indicate that its role in cell death is independent of Ca 2ϩ uptake (58) . Fus1 promotes cell death by mediating the local secretion of hydrolases necessary for cell wall degradation (7, 58) . The roles of Fig1 and Fus1 are closely related, as Fus1 activity is required for Fig1-dependent cell death in S. cerevisiae (58) . The current work shows that Fus1 and Fig1 also act as prodeath factors during the pheromone response in C. albicans. The result with the C. albicans ⌬fus1 strain was particularly striking, as cell death occurred in only 2 to 4% of cells. Despite the low frequency of killing, chelation of Ca 2ϩ ions in the medium increased ⌬fus1 cell death to ϳ50% of the population. The high frequency of cell death (even higher than that of wild-type SC5314 cells) indicates that although death is rare in the absence of Fus1, these cells are highly susceptible to loss of the calcium signaling pathway(s). In support of this model, treatment of ⌬fus1 strains with the calcineurin inhibitor FK506 also resulted in a significant increase in cell death (from 3.5% to 21.5%). Thus, although wild-type strains are not markedly affected by the loss of calcineurin, ⌬fus1 strains are exquisitely sensitive to the loss of this activity. Furthermore, the very high levels of cell death observed in the absence of both Fus1 and Ca 2ϩ ions indicate that this protein can perform a prosurvival role, in addition to its prodeath function, during the response to pheromone.
We report that the strain background of C. albicans can also have a dramatic effect on the level of PID. In total, we have analyzed cell death in over 20 clinical strains and found that levels varied from ϳ2% in J981315 to ϳ70% in AM2003/0191. This difference was not due to differences in the abilities of these strains to respond to pheromone, as each of these clinical strains efficiently formed mating projections. In addition, while AM2003/0191 was the strain most susceptible to pheromone-induced death, it was not hypersensitive to other types of cell stress, including the presence of antifungal drugs (azoles) and cell wall stressors (SDS, Congo red, or calcofluor white). Thus, the high levels of cell death seen in the presence of pheromone are not due to a general susceptibility to different forms of cell stress.
Natural isolates of C. albicans strains have been classified into 17 distinct clades, with almost 70% of the isolates belonging to the four largest clades (clades 1 to 4) (38). Clade-specific associations are relatively rare, although one example is the number of tandem repeats in alleles of ALS and HYR family members, genes involved in adhesion to host surfaces (38, 39) . Our results suggest that pheromoneinduced death may also exhibit clade-specific differences. Multiple strains from clade 3 experience very low levels of PID (2 to 6%) while still exhibiting a robust mating response. Given the limited number of natural MTLa/a strains from clade 3, confirmation of a clade-specific phenotype will require construction of additional MTL homozygous strains from a/␣ parental strains and testing for their survival in the presence of pheromone.
The role of pheromone-induced death in yeast biology continues to be more of an enigma than are the signaling pathways influencing it. Based on studies in S. cerevisiae, it is thought that PID may act to selectively discard older or weaker cells, allowing only the healthiest cells to survive and propagate (48) . In this model, such programmed cell death can potentially benefit the species by increasing overall fitness in the population. An alternative hypothesis suggests that PID is a direct consequence of cells failing to undergo cell-cell conjugation, with decreased viability due to pheromone-induced degradation of cell wall material and subsequent loss of cell integrity (58) . A third possibility is that PID is a result of phenotypic variation within a population and that only a subpopulation of cells are actually "programmed" to mate. The remaining cells in the population experience only the stressful consequences of pheromone exposure that can result in cell death. This phenomenon is commonly seen in bacteria in response to external stresses such as antibiotic treatment (2, 45) . While these three models are not mutually exclusive, our studies in C. albicans indicate that a simple relationship does not exist between a cell's susceptibility to undergoing pheromone-induced death and its ability to undergo mating. This is most apparent in comparing natural isolates of C. albicans: the J981315 isolate is resistant to PID (ϳ2% death) whereas the AM2003/0191 isolate exhibits the highest level of PID (ϳ70% death), yet both strains undergo efficient conjugation in quantitative mating assays (1). Clearly, it will be revealing to determine which pathways (either prodeath or prosurvival) contribute to the marked differences in cell death between C. albicans isolates and to determine if these differences affect the fitness of mating products produced by the parasexual mating cycle.
In summary, our results demonstrate that the phenomenon of pheromone-induced death has been conserved between two diverse species of hemiascomycete yeasts. However, the signaling pathways that influence the susceptibility to killing by pheromone have diverged, and natural isolates can exhibit dramatically different levels of cell death in response to pheromone. It is therefore evident that the study of mechanisms of pheromone-induced killing in C. albicans will help further elucidate the genetic factors that contribute to this phenomenon in hemiascomycetes, as well as the role of PID in yeast biology.
